Abstract Arabidopsis hexokinase1 (HXK1) is a moonlighting protein that has separable functions in glucose signaling and in glucose metabolism. In this study, we have characterized expression features and glucose phosphorylation activities of the six HXK gene family members in Arabidopsis thaliana. Three of the genes encode catalytically active proteins, including a stromal-localized HXK3 protein that is expressed mostly in sink organs. We also show that three of the genes encode hexokinase-like (HKL) proteins, which are about 50% identical to AtHXK1, but do not phosphorylate glucose or fructose. Expression studies indicate that both HKL1 and HKL2 transcripts occur in most, if not all, plant tissues and that both proteins are targeted within cells to mitochondria. The HKL1 and HKL2 proteins have 6-10 amino acid insertions/deletions (indels) at the adenosine binding domain. In contrast, HKL3 transcript was detected only in Xowers, the protein lacks the noted indels, and the protein has many other amino acid changes that might compromise its ability even to bind glucose or ATP. Activity measurements of HXKs modiWed by site-directed mutagenesis suggest that the lack of catalytic activities in the HKL proteins might be attributed to any of numerous existing changes. Sliding windows analyses of coding sequences in A. thaliana and A. lyrata ssp. lyrata revealed a diVerential accumulation of nonsynonymous changes within exon 8 of both HKL1 and HXK3 orthologs. We further discuss the possibility that the non-catalytic HKL proteins have regulatory functions instead of catalytic functions.
Introduction
Sugars are the primary currency in the metabolic economy of most cellular life. Contemporary research has revealed remarkable interconnections between the cellular and molecular processes that govern production or acquisition of sugars and their eYcient utilization. In plants, sugars regulate plant growth and development by interacting with many diVerent control processes, including ones with meristematic functions (Smeekens 2000; Francis and Halford 2006; Rolland et al. 2006) . For example, in Arabidopsis both glucose and sucrose modulate the expression of nucleolin, a multi-function regulator of ribosome synthesis (Kojima et al. 2007 ). An increased amount of nucleolin was suggested to be a key component in the process by which sugars can enhance meristematic cell division activity. Interestingly, the targeted expression of cell wall invertase in apical meristems of Arabidopsis was shown to inXuence the developmental transition to Xowering and ultimately to increase seed yield (Heyer et al. 2004 ).
Short-term treatments of Arabidopsis seedlings with glucose or sucrose have been shown to aVect the expression of about 1,000-1,700 transcripts, depending on experimental conditions (Price et al. 2004; Osuna et al. 2007) . Sugars can inXuence plant gene expression both through general metabolic eVects and as signal molecules that can directly interact with sensor/transducer proteins (Sheen et al. 1999; Xiao et al. 2000) . Arabidopsis hexokinase1 (HXK1) is perhaps the best characterized glucose signaling protein. The isolation and characterization of a null mutant of AtHXK1, gin2-1, revealed associated phenotypes including reduced shoot and root growth, reduced leaf expansion, increased apical dominance, delayed Xowering and senescence, decreased auxin sensitivity, increased cytokinin sensitivity, and changes in transcript levels of several target genes (Moore et al. 2003) . Furthermore, complementation of these phenotypes by transformation of gin2-1 with a catalytically compromised HXK1 protein (S177A) demonstrated that the HXK metabolic function can be uncoupled from its signaling and related growth promoting functions. AtHXK1 is, therefore, a moonlighting protein (Moore 2004) . The multi-function nature of AtHXK1 can be viewed as a novel cellular solution to integrate glucose metabolism with a separable glucose signal transduction process.
The biochemical basis for AtHXK1 function as a moonlighting protein has not been established. Analysis of crystal structures of other moonlighting proteins has shown that one mechanism for acquiring a moonlighting function is the development of distinct surface features that mediate protein-protein interactions (JeVery 2004) . While a crystal structure of AtHXK1 is not available, much might be learned by a close inspection of its evolutionary heritage and of existing structural homologs. Bork et al. (1992) suggested that a prokaryotic, dimeric ancestral ATPase has evolved through diverse processes into structurally related families of actin, hexokinase, and heat shock protein 70. The relatively sugar non-speciWc, but ATP-dependent hexokinases are characteristic of higher Eukarya and are thought to have arisen from a common »50 kDa ancestral protein (Cárdenas et al. 1998) . As far as is known, hexokinases are present in a given eukaryote as a multi-gene family. Surprisingly, within some of these gene families, individual members can have specialized non-catalytic, regulatory functions. For example, there are two described hexokinase-like (HKL) proteins in Aspergillus nidulans. They both lack catalytic activity, but they are negative regulators for secretion of an extracellular protease in response to carbon starvation (Bernardo et al. 2007) . In this case, sequence analysis suggested that speciWc amino acid changes relative to the canonical sequence are responsible for the lack of catalytic activity. It remains to be determined whether specialized regulatory HXKs occur within plant HXK gene families.
Phylogenetic analyses of a variety of plant HXKs indicate that these occur largely in two groups, ones with plastid signal peptides (Type A) and ones with N-terminal membrane anchors (Type B; Olsson et al. 2003) . Direct experimental evidence for stromal-localized HXKs have been reported from moss (Olsson et al. 2003) , tobacco (Giese et al. 2005) , rice (Cho et al. 2006a) , and tomato ). Plastidic NtHXK2 is expressed mostly in certain starch-containing sink tissues, while plastidic LeHXK4 occurs in both source and sink organs, including non-starch containing fruits. Membrane-bound HXKs occur largely, but not exclusively, associated with mitochondria (Kandel-KWr et al. 2006 and references therein; Damari-Weissler et al. 2006) . AtHXK1 is predominantly associated with mitochondria, but also can occur in the nucleus (Cho et al. 2006b; Balasubramanian et al. 2007) ; both forms can modulate gene expression. Whether the nuclear form of AtHXK1 maintains its membrane anchor is not clear. Rice and maize have one or more cytosolic HXKs (da-Silva et al. 2001; Cho et al. 2006a) , though these forms might occur only in monocots ). A number of diVerent possible metabolic roles of HXKs have been recently described (Claeyssen and Rivoal 2007) . Mitochondrial HXKs are thought to have preferred access to ATP produced in respiration for consumption by active metabolite Xuxes through sucrose cycling, glycolysis, and sugar nucleotide syntheses (Rontein et al. 2002; Graham et al. 2007) .
Among the better examined plant HXK families, rice has at least nine expressed HXKs (Cho et al. 2006a ), tomato at least four HXKs , and Arabidopsis likely six HXKs (Rolland et al. 2002; Claeyssen and Rivoal 2007) . We are interested in the function of Arabidopsis HXKs in organismal space. In this study, we describe their gene structures, their tissue and sub-cellular expressions, and we show that three of the six family members lack catalytic activity. We then did a detailed amino acid sequence analysis to identity key amino acid diVerences and to test a number of possible mechanisms by which catalysis might be compromised. The presence of non-catalytic HKL proteins in plants raises intriguing questions regarding their evolution and function. A comparison of HXK family coding sequences from A. thaliana and Arabidopsis lyrata ssp. lyrata (hereafter A. lyrata) allowed us to identify regions of some gene orthologs that are undergoing possible diVerential selection.
Materials and methods

Plant material and growth conditions
Seeds of Arabidopsis thaliana (L.) Heyn. Ecotype Columbia (Columbia-0) were obtained from Arabidopsis Biological Resource Center (Ohio State University). Seeds of maize were purchased (line FR922 £ FR967, Seed Genetics, Inc. Lafayette, IN, USA) and dark-grown for 9 days, followed by overnight greening (Jang and Sheen 1994) . For most experiments, Arabidopsis was grown in soil in a growth chamber (Balasubramanian et al. 2007 ), except for collecting root tissue from plants grown by hydroponics (Tocquin et al. 2003) . Leaf tissue from A. lyrata was kindly provided by Dr. Amy Lawton-Rauh.
Cloning and plasmid constructs
AtHXK1 was previously cloned using BamH1 and Stu1 restriction sites into the HBT plant expression vector (Kovtun et al. 1998 ) followed either with a C-terminal double hemagglutinin (HA) tag (Moore et al. 2003) or with a C-terminal green Xuorescent protein (GFP) fusion (Balasubramanian et al. 2007 ). Leaf or seedling cDNA libraries (see below) were used as template for PCR ampliWcation of AtHXK2 (At2g19860, 5Ј-CGG GAT CCC GAT GGG  TAA AGT GGC AGT TGC AAC G, 5Ј-AAA AGG CCT  ACT TGT TTC AGA GTC ATC TTC), AtHXK3  (At1g47840, 5Ј-CGG GAT CCC G AT GTC ACT CAT  GTT TTC TTC CCC TGT C, 5Ј-AAA AGG CCT GTA  AAT GGA GTT AGT GGC CGC C), AtHKL1  (At1g50460, 5Ј-CGG GAT CCC GAT GGG GAA AGT  GGC GGT TGC G, 5Ј-AAA AGG CCT TGA CTG TAA  AGA GGC AAC GAG GAG), AtHKL2 (At3g20040, 5Ј-CGG GAT CCA TGG GGA AGG TTT TGG TGA TGT  TG, 5Ј-AAA AGG CCT TAC GGA TGG TAT TGT TTG  AAC AC), and AtHKL3 (At4g37840, 5Ј-TGC CAT GGC  ATG ACC AGG AAA GAG GTG GTT C, 5Ј-GAA GGC  CTC TTG CTT TCA GAA TCT TGA TGA) . PCR products were then ligated into an HBT vector with the double HA tag, using the BamHI/StuI restriction sites for most constructs or available NcoI/StuI sites for AtHKL3. All clones were validated by direct sequencing of plasmid DNA and by predicted sizes of the expressed proteins. The coding sequences were then sub-cloned into the same vector, but with a GFP tag.
Site-directed changes, insertions, and deletions of native sequences were all made by Quick Change (Stratagene).
For AtHXK1, the target amino acid changes and primers were as follows: N106Y (5Ј-GGA CCT AGG GGG GAC ATA CTT CCG TGT CAT GCG TG, 5Ј-CA CGC ATG ACA CGG AAG TAT GTC CCC CCT AGG TCC), G173A (5Ј-GGT AGA CAG AGG GAA TTA GCC TTC ACT TTC TCG TTT CC, 5Ј-GG AAA CGA GAA AGT GAA GGC TAA TTC CCT CTG TCT ACC), L251F (5Ј-G GAT GTT GTT GCT GTT ATT TTC GGC ACT GGG ACA AAC G, 5Ј-C GTT TGT CCC AGT GCC GAA AAT AAC AGC AAC AAC ATC), C159E (5Ј-G AAG TTT GTC GCT ACA GAA GAG GAA GAC TTT CAT CTT CC, 5Ј-GG AAG ATG AAA GTC TTC CTC TTC TGT AGC GAC AAA CTT C), and insert 428 GITSGRSRSE 437 (5Ј-CTG GGA AGA GAT ACT ACT AAA GGA ATC ACC AGC GGA AGA TCT AGA AGC GAG GAC GAG GAG GTG CAG AAA TCG G, 5Ј-C CGA TTT CTG CAC CTC CTC GTC CTC GCT TCT AGA TCT TCC GCT GGT GAT TCC TTT AGT AGT ATC TCT TCC CAG). For AtHKL1, amino acids 425 GITSGRSRSE 434 were deleted similarly (5Ј-GAT AGG CCG AGA TGG AAG CAG AAG TGA AAT CCA AAT G, 5Ј-CAT TTG GAT TTC ACT TCT GCT TCC ATC TCG GCC TAT C). All mutations were veriWed by DNA sequencing.
Analysis of mRNA expression by RT-PCR
Total RNA was prepared using the RNeasy kit (Qiagen) from 100 mg of corresponding plant tissue from A. thaliana. Root tissue was collected from plants grown in hydroponics, while all other tissues were from soil grown plants. One microgram of total RNA was converted to cDNA using the Protoscript II RT-PCR kit according to the manufacturer's instructions (New England BioLabs). PCR primer sequences were generated using the AtRTPrimer public database (Han and Kim 2006) . Primers in all cases span one or more introns: AtHXK1 (5Ј-TGC TGC TTT CTT TGG CGA TAC AGT, 5Ј-AAA ATG GCG CTC TTT GGG TAG GTT; expected size = 505 bp), AtHXK2 (5Ј-ACA AAT GCA GCC TAT GTC GAA CGT G, 5Ј-TGT TCG GGG TCC TTA TGA TGA ATG G; expected size = 316 bp), AtHXK3 (5Ј-TCT CGA CCA CGC TCC AAT TAC ATC, 5Ј-AAT CAC ACC GAC CAT CAC ATC CTC; expected size = 702 bp), AtHKL1 (5Ј-GTT GGA GCC TTG TCG CTT GGA TAT T, 5Ј-CCT GCT CTT CGT GTA ACC ACA TCG; expected size = 521 bp), AtH-KL2 (5Ј-CCC AGT CAA GCA GAC ATC CAT CTC A; 5Ј-TCG CCC AGA TAC ATC CCT CCT ATC A, expected size = 441 bp), and AtHKL3, (5Ј-TGG AAA CAC ACG GTC TGA AAA TTC G; 5Ј-TCA TCA CCA AGC ATT TCC CAA ACG, expected size = 736 bp). As a control for amount of tissue template, we routinely used AtUBQ5 (At3g62250, 5Ј-GTG GTG CTA AGA AGA GGA AGA, 5Ј-TCA AGC TTC AAC TCC TTC TTT; expected size = 254 bp). For PCR, we used 0.5-0.8 l of cDNA in 10 l reactions to Wrst balance UBQ expression for the set of tissue cDNAs, with corresponding tissue template concentrations used thereafter for PCR reactions of varying cycle numbers for each product.
Protoplast transient expression and
35
S-labeling
Protoplasts were isolated from Arabidopsis leaves (Hwang and Sheen 2001) or greening maize leaves (Jang and Sheen 1994) . These were transfected using the polyethylene glycol 4,000 (Fluka) protocol (Yoo et al. 2007 ) and 6-12 g of cesium chloride-puriWed plasmid DNA. In some experiments, newly synthesized proteins were labeled with [ 35 S]Met (Perkin Elmer) for 8 h, then collected from lysed protoplasts onto protein A agarose beads using anti-HA antibodies (Roche) as detailed previously (Balasubramanian et al. 2007 ). Proteins were solubilized in 2£ SDS treatment butter, electrophoresed on 10% SDS gels, and visualized by Xuorography.
Enzyme activity assays
HXK was assayed largely as described by Doehlert (1989) in a medium containing 50 mM Bicine-KOH pH 8.5, 5 mM MgCl 2 , 2.5 mM ATP, 1 mM NAD, 15 mM KCl, 2 units of glucose 6-phosphate dehydrogenase (Sigma G8404), and either 2 mM glucose or 100 mM fructose. The increase in A 340 was monitored over a 30 min interval and rates then calculated accordingly. Transfected protoplasts from greening maize leaves were used in either of two ways as a source of possible enzyme activity. First, frozen protoplast pellets were lysed by vortexing in a standard leaf extraction buVer containing 50 mM Hepes-KOH pH 7.5, 5 mM MgCl 2 , 1 mM EDTA, 15 mM KCl, 10% glycerol, 0.1% Triton X-100, and 1X protease inhibitor cocktail (Roche). This extract was then assayed directly. Second, HA-tagged proteins were isolated as described above. Thrice-washed beads were resuspended in enzyme activity assay buVer (minus sugar), transferred to cuvettes, and rates then measured after adding glucose or fructose. Immobilized protein had lower enzyme activity, but the recovery rates were very consistent (20 § 2%). Included protoplast controls that received non-coding plasmid DNA had little or no background due to endogenous HXK activity that was initially present in the maize protoplasts.
Analysis of HXK family sequences in A. thaliana and A. lyrata
We Wrst queried the NCBI database using BLAST and specifying the A. lyrata WGS Wrst draft sequence database, using the coding sequence for each of the HXK family member genes from A. thaliana as the query sequences. From this, we identiWed the homologous exons, introns, and splice sites for each of the six genes from the genome project of A. lyrata. To correct potential sequence errors we identiWed within exon 6 of AlHXK3, we directly sequenced the PCR product from Wrst strand cDNA synthesis of the corresponding transcript. Otherwise, the available sequence information was robust with multiple reads and the splice sites were highly conserved.
All nucleotide and amino acid sequences were aligned manually using BioEdit (Hall 1999 ) and exported as Nexus or FASTA Wles. Phylogenetic analyses of the HXK and HKL loci were conducted using amino acid alignments in MEGA build 4.0.2 (Tamura et al. 2007 ). Phylogenetic trees were estimated using the neighbor-joining method, 1,000 bootstrap replicates, and the DayhoV substitution model. Codon usage bias was examined using DnaSP v4.20.2 (Rozas et al. 2003) , then calculated as eVective number of codons (Wright 1990 ) and by the codon bias index (Morton 1993) . Nucleic acid sequence diversity was estimated using DnaSP v4.20.2 (Rozas et al. 2003) to calculate ratios (number of nonsynonymous substitutions per nonsynonymous site/number of synonymous substitutions per synonymous site, K A /K S ), following Nei and Gojobori (1986) , and sliding window analysis of K A /K S ratios. All nucleotide sequence based analyses used paired alignments of coding sequences of A. thaliana and A. lyrata on a gene by gene basis.
Results
Gene structure of Arabidopsis HXK family
The A. thaliana genome potentially encodes six HXK related proteins (TAIR). By pair-wise Blast searches, these predicted proteins range from 45 to 85% identical to AtH-XK1 (Table 1) . As detailed below, we have designated these as HXK proteins or as hexokinase-like (HKL) proteins based, respectively, on whether they have apparent glucose phosphorylation activity or whether they lack catalytic activity. For reference, AtHXK1 is 36% identical to yeast HXK2 and about 70% identical to rice HXK2 and to tomato HXK1.
Phylogenetic analysis of the AtHXKs reveals several interesting features (Fig. 1a) . Bootstrap replicate values suggest that the gene pairs HXK1 and HXK2, and HKL1 and HKL2 are more closely related to each other than they are to other genes in the family. When analyzed with the 10 reported rice HXK family members, AtHKL1 and AtHKL2 form a related sub-group with OsHXK3 and OsHXK10 (Cho et al. 2006a ). Within A. thaliana, HKL3 forms a distinct and not closely related sub-group. AtHKL3 also was reported not to form any closely related phylogenetic sub-groups with rice HXKs (Cho et al. 2006a ). The genome structure of the AtHXKs shows that most have nine exons, except for HXK1 which has seven and HKL3 which has eight (Fig. 1b) . Most rice HXKs also have nine exons (Cho et al. 2006a ). The intron structures of AtHXKs vary among the diVerent family members. Intron1 in HXK1, HXK2, and HKL1 is relatively long, ranging from 625 to 804 nucleotides, while intron1 in HXK3, HKL2, and HKL3 is shorter, ranging from 72 to 183 nucleotides. HKL3 has short introns throughout the gene, averaging 81 nucleotides.
Organ expression of AtHXKs mRNAs and cellular expression of AtHXKs proteins
We examined by semi-quantitative RT-PCR the organ expression of transcripts for the A. thaliana HXK gene family (Fig. 2) . HXK1 transcript was abundant in all organs examined. HXK2 transcript was expressed to a relatively similar extent in leaves, but less so in sink tissues. HXK3 mRNA was relatively more abundant in sink tissues such as roots and siliques, but the increased number of PCR cycles used for its ampliWcation indicates that it likely is not as abundant as is the HXK1 transcript. HKL1 and HKL2 transcripts were not expressed as highly as HXK1 mRNA, but it is noteworthy that all 3 of these transcripts were expressed at relatively similar levels in all organs examined. In contrast, HKL3 mRNA was detected only in Xowers and at relatively much lower amounts.
Proteomic analyses have indicated that most of the HXK family members are associated with mitochondria (Heazlewood et al. 2004 ). Sequence analysis supports this evidence as well, indicating that HXK1, HXK2, HKL1, HKL2, and HKL3 all have predicted N-terminal transmembrane peptides that target to the mitochondria (Table 1) . These possible targeting peptides are located upstream from the conserved large domain of the HXKs (Supplemental Table 1 ). However, HXK3 has a putative N-terminal transit peptide, which indicates that it might be expressed in plastids. We examined the subcellular localization of the AtHXK proteins by cloning these as C-terminal GFP fusions, followed by transient expression of their cDNAs in leaf protoplasts, and subsequent imaging of expressed Xuorescence ( Fig. 3a-i) . As shown previously (Balasubramanian et al. 2007; Damari-Weissler et al. 2007 ), HXK1-GFP Xuorescence occured under these conditions only at the mitochondria. HXK2, HKL1, HKL2, and HKL3-GFP Xuorescence also was observed only at the mitochondria. Expression of these proteins in protoplasts does apparently cause the mitochondria to aggregate as noted before with HXK1, but co-staining with MitoTracker dyes always showed their GFP Xuorescence to be mitochondrial localized (e.g., compare Xuorescence patterns in Fig. 3d, e) . In contrast, HXK3-GFP Xuorescence is expressed in chloroplasts (Fig. 3g, h ). In the presented image, much of the GFP Xuorescence occurs inside the chloroplasts, but some also is located on the outer surface. The latter might be due to protein accumulation at sites of import. Internal accumulation of GFP was shown by using a speciWc band pass Wlter that excludes chlorophyll Xuorescence. In contrast to these Xuorescence patterns, transfected yeast HXK2-GFP is expressed exclusively in the cytosol of leaf protoplasts (data not shown). This localization is consistent with the absence of an N-terminal membrane anchor in ScHXK2.
As a complementary approach to demonstrate the subcellular localization of AtHXKs, we have immunostained seedling leaves after their cryoWxation and acetone freeze substitution. First, samples were prepared from wild type Ler. These were incubated with a polyclonal antibody to AtHXK1, then a FITC-conjugated secondary antibody, and were subsequently viewed by epiXuorescence (Fig. 3j) . As noted previously with wild type cells (Balasubramanian et al. 2007 ), we observed HXK1 antigen in numerous elongated shapes which appear to be mitochondria and that were often located close to chloroplasts. This staining likely is due to some combination of HXK1, HXK2, HKL1, and/or HKL2 proteins. As a comparison, we next observed HXK antigen in leaves of gin2-1 (Fig. 3 k) , a HXK1-null mutant (Moore et al. 2003) . We observed a readily detectable, but much reduced level of Xuorescence, again associated with elongated, apparent mitochondrial structures. FITC Xuorescence was not observed in the cytoplasm or elsewhere in either gin2-1 or Ler mesophyll cells. Chloroplasts in these cells, however, were not labeled by antibody, perhaps due to the HXK3 protein being present in this tissue only at very low levels, if at all.
Protein sequence analyses of AtHXKs
The HXK tertiary structure is one of the better studied proteins from mammals and yeast. HXK proteins contain a large and a small domain. The sugar binding site is largely located in the small domain, with four additional peptide segments (Loops 1-4) that are induced to move upon binding the sugar ligand. These loops both complete the sugar binding sites as well as "pre-form" the nucleotide binding site (Kuser et al. 2000) . In fact, analysis of HXK sequences from mammalian, yeast, and Arabidopsis (AtHXK1) using crystal structures, sequence elements, and/or space Wlling models indicate that most of the conserved amino acid residues occur at the cleft of the two domains and form the glucose and ATP binding sites (Kuser et al. 2000) .
In order to better associate structural diVerences of AtHXKs with their possible functional diVerences, we have aligned and analyzed their 1° amino acid sequences (Fig. 4) . Homologous regions and residues in AtHXKs were assigned based on reported detailed analyses of HXK2 from Saccharomyces cerevisiae (Bork et al. 1992; Kuser et al. 2000) . By inspection, HXK1, HXK2, and HXK3 were much more similar to each other in the longer motifs designated phosphate 1, connect 1, phosphate 2, connect 2, and adenosine, than were HKL1, HKL2, and HKL3. The relative divergence of HKL3 is particularly pronounced in the phosphate 1, sugar, and connect 1 motifs. Most noticeably, both HKL1 and HKL2 have an indel of 10 and 6 amino acids, respectively, at the adenosine binding site. These both also have relatively divergent phosphate 1 and connect 1 motifs. Within the core sugar binding motif (LGFTFSFP-Q-L/I), the sequence is best conserved among HXK1, HXK2, and HXK3, with a limited divergence in HKL1 and HKL2, but extensive divergence in HKL3 (see also Supplemental Table 1 ). However, with reference to the HXK1 sequence, the key glucose contact residues S177, N256, E284, and E315 are conserved in all of the HXKs, with the single exception of T175 for S177 in HKL3. Among the 4 key noted loops, loop 2 is not conserved at the level of amino acid identity between ScHXK2 and any of the AtHXKs, but the other 3 loops have varying levels of identity. Loops 1, 3, and 4 diverge substantially in HKL3, but are identical or very similar in all other AtHXKs, with respect to ScHXK2 (see also Supplemental Table 1 ). Among the 12 hydrophobic residues previously assigned to a channel in the small domain, these are either conserved or identical in all of the AtHXKs, with the exception of 2 diVerent ones in HKL3 at F197 and L211 (Fig. 4) . Also, among eight key glycine residues thought to be located at the end of -helices or -sheets, these are all conserved identically among HXK1, HXK2, and HXK3 proteins. The HKL predicted proteins though do show some divergence in these features. This includes substitutions for G103 in HKL3, for G173 and G310 in HKL1 and HKL2, and for G479 in all 3 HKL proteins. Finally, there are 2 recognized catalytic residues in HXK1, K195 and D230. Both are conserved in all of the AtHXKs except for HKL3 (L194 and N230). In summary, the amino acid sequence analysis shows a broad pattern of conserved key motifs and residues among HXK1, HXK2, and HXK3 predicted proteins. HKL3 protein lacks many recognized residues important for sugar and adenylate binding and for enzyme catalysis. In contrast, HKL1 and HKL2 proteins have most of the residues known to be important for sugar binding, but they do have a few noted key residue changes and also have an indel at the adenosine binding domain. Additionally though, HKL1 and HKL2 proteins do have changes in many residues relative to HXK1 protein, other than those speciWcally noted above.
Catalytic activities of native and modiWed AtHXK family proteins
We assessed the catalytic competency of HXK family proteins after transient expression of corresponding cDNAs in maize leaf protoplasts. In these experiments, HXK family genes were cloned as C-terminal fusions to double HA tags. Each HA tag is ten amino acids and the double tag does not appear to interfere with protein catalytic activity as measured with diVerent C-terminal tags (double HA, Flag, GFP; unpublished data). Protein expression Wrst was monitored by direct labeling using 35 S-Met (Fig. 5a ) to adjust the amounts of transfected cDNAs to yield comparable amounts of expressed proteins for activity assays. In one approach to assess possible protein catalytic activities, we measured enzyme activities from protoplasts following their transient transformation with selected amounts of target cDNAs and an incubation period to allow the proteins to accumulate (Fig. 5b) . This approach was rapid, but does include as background the endogenous HXK activity that is present in the protoplasts. Nonetheless, we found that three of the six HXK genes encode proteins with glucokinase activity. HXK1 and HXK2 were both shown previously to have catalytic activity (Jang et al. 1997) , while the Wnding that HXK3 can phosphorylate glucose is novel. The three expressed proteins that apparently lack catalytic activity are designated, as mentioned earlier, as HKL proteins. Comparable results were obtained with 0.1 M fructose or increased glucose concentrations in the assay medium. That is, HXK3 can phosphorylate fructose also, while HKL1, HKL2, and HKL3 proteins cannot phosphorylate fructose either (data not shown).
To minimize the appreciable background HXK activity that is present in the protoplasts, we also assayed the expressed proteins after their immunoprecipitation from lysed protoplasts, captured using anti-HA antibody and Protein A agarose beads (Fig. 5c ). Using the washed beads allowed us to exclude most, if not all, of the endogenous activity and thereby better determine whether a given construct has any measurable catalytic activity. As shown, HXK1, HXK2 and HXK3 again all have easily measured glucose phosphorylation activity, while the three HKL proteins lack any such activity. As before, substitution of 0.1 M fructose for 2 mM glucose in the assay gave the same qualitative results (data not shown). While these protein expression assays are very useful for establishing whether a protein has catalytic activity, these preparations are not well suited for rigorous kinetic analyses.
The lack of glucose phosphorylation activity in the HKL proteins is not surprising in view of the key amino acid changes that were noted above, especially for HKL3. However, we asked whether the absence of catalytic activity in the HKL1 and HKL2 proteins might require a suite of Fig. 4 Amino acid sequence alignment for predicted Arabidopsis HXK family proteins. Sequences were aligned using ClustalW in BioEdit (Hall 1999) . Annotations are based on regions homologous to yeast hexokinase II (Kuser et al. 2000) . P1 phosphate 1, Con 1 connect 1, P2 phosphate 2, Con 2 connect 2, L1 loop1, L3 loop3, L4 loop4, C predicted hydrophobic channel amino acid; + predicted conserved glycine residue; *other predicted conserved residues (following AtHXK1 sequence, S177, K195, D230, T253, N256, E284, E315, and G441) changes relative to the active enzymes or whether there might be one or just a few key changes that are suYcient to make the enzyme inactive. A further examination of the amino acid sequences revealed that the HKL1 and HKL2 proteins have equivalent changes at 39 positions relative to conserved residues in the three proteins with catalytic activity. For example, in the core sugar binding motif, Gly173 is substituted with Ala in both HKL1 and HKL2. We therefore carried out site directed mutagenesis of both HXK1 and HKL1 in order to test whether key amino acid changes might compromise catalytic activity of HXK1 or might restore activity of HKL1. The target amino acids included Asn106 (located next to Loop 1), Gly173 (located within the sugar binding domain), Leu 251 (located within phosphate 2), insertion into HXK1 (at the corresponding position, K427) of the additional 10 amino acids present at the adenosine domain of HKL1, and removal of the 10 amino acid adenosine indel from HKL1. As a possible negative control, Cys159 of HXK1 was changed to Glu. Cys159 is one of only three amino acids among all six HXKs in which there is variation among either Wve or all six of the amino acids. We also included the previously altered construct S177A, which has no catalytic activity (Moore et al. 2003) .
In this experiment, expressed proteins were again collected onto agarose beads in order to minimize the background glucokinase activity endogenous to the protoplast. Most of the amino acid changes did substantially impact the glucokinase activity (Fig. 6 ). Changing N106Y, G173A, and L251F reduced enzyme activity by 75, 90, and 95% respectively. The ten amino acid insertion into HXK1 reduced activity about 55%, and removal of the indel from HKL1 did not restore any detectable activity. Surprisingly, the C159E mutation stimulated activity twofold. We observed the same results with all constructs expressed in parallel transfections in which enzyme activities were measured directly from the lysed protoplasts (data not shown). From these data, we suggest that there likely are many nonconserved amino acids in the HKL proteins that could each compromise catalytic activity. However, we cannot exclude the possibility that particular combinatorial changes among all of those present might have compensatory eVects that otherwise would result with changes to single key amino acids.
Comparison of HXK family sequences from A. thaliana and A. lyrata
The A. lyrata genome is currently being sequenced through the Joint Genome Institute of the Department of Energy (http://www.jgi.doe.gov/index.html). The North American species, A. lyrata, is thought to have diverged from A. thaliana about 5 million years ago (Koch and Matschinger 2007) . In contrast to A. thaliana, A. lyrata is self-incompatible and out-crossing. We have compared the HXK family member gene sequences between A. thaliana and A. lyrata in order to identify possible regions of gene orthologs that might be undergoing diVerential selection. For all of the AlHXK family members, the available sequence data were In this gel image, band intensities ranged from 60% (HKL2) to 100% (HKL3), as measured using ImageJ software (http://rsb.info.nih.gov/ij/). Target cDNA amounts were slightly adjusted for better balanced expression in subsequent transfections. b Full length HXK-HA family proteins were expressed and assayed directly after protoplast lysis. c Full length HXK-HA family proteins were expressed, then immunoprecipitated after protoplast lysis, and collected onto Protein A agarose beads prior to assay. Activity values are means § SD of measured activities from 3 to 4 separate protoplast transfections with each construct. Activities are expressed as percent of HXK1. Notably, control values in c represent assay detection limits that are inherent when using enzyme-bound beads in an optical assay. CON control, without transfected HXKs suYcient to enable us to identify the homologous exons, introns, and splice sites for each gene except AlHXK3. In the case of AlHXK3 direct sequencing resolved a discrepancy in the Wrst draft sequence within exon 6. The HXK gene structures are very similar in A. lyrata as compared with those in A. thaliana (Fig. 1, Supplemental Fig. 1 ). For example, AlHKL3 has many short introns, as does AtHKL3. The most notable diVerence in overall gene structure is that intron 1 of AlHKL1 is about 200 nucleotides shorter than intron 1 of AtHKL1.
The shared predicted amino acid identities were generally very high between all of the orthologues (e.g., >97%) except for HXK3 and HKL3 (Table 2, Supplemental  Fig. 2 ). For example, the predicted HKL1 and HKL2 proteins from A. lyrata have exactly the same indels at the adenosine binding domain as the othologous proteins from A. thaliana. In contrast, the HXK3 and HKL3 gene pairs have lower percent identity values of 89 and 93, respectively, and have some gaps in their aligned sequences. A phylogenetic tree based on all 12 genes indicates that the orthologous genes are much more related to each other, than to other family members (Supplemental Fig. 1 ). These relationships also support a previous more global phylogenetic analysis that includes additional plant HXK sequences (Cho et al. 2006a) . Notably, the HXK1 and HXK2 protein homologs have accumulated fewer amino acid changes from the nearest common ancestral sequence than have the HKL1 and HKL2 protein homologs.
One approach to test for possible diVerential rates of sequence evolution within a gene pair is to compare rates of synonymous and nonsynonymous nucleotide substitutions. Because of multiple indels particularly in the 3Ј end of the HKL1 and HKL2 genes, analyses of genomic DNA sequences were only possible for comparing speciWc A. thaliana and A. lyrata orthologs (for example, AtHKL1 versus AlHKL1). Although it would be informative to consider divergence of the sequences coding for exons plus introns between the two species, the presence of non-triplet indels made this not feasible using the polymorphism and divergence analyses of DnaSP since any non-triplet indels lead to false reading frames in the sequence containing the possible sequence deletion. For example, the HKL1 and HKL2 genes have 13 indels total, of which only one is a triplet, though all of the indels do occur in groups that add up to a triplet. After analyzing the coding sequences for possible codon usage bias (none detected, data not shown), exon sequences for gene orthologs were then examined.
To test for the potential contribution of selection on sequence divergence between species and genes, the rates and patterns of sequence divergence of each member of the HXK family of genes were tested between A. thaliana and A. lyarata (Fig. 7) . K A /K S ratios of less than 1 indicate coding regions that are selectively constrained (purifying selection with higher rates of synonymous versus nonsynonymous mutation). Regions with values similar to 1 indicate neutral evolution. Regions having ratios greater than 1 indicate a higher rate of nucleotide substitutions that change the amino acid sequence versus synonymous mutations (adaptive selection; for further descriptions see Parmley and Hurst 2007) . All HXK family genes have consistently low K A and K S values and most have K A /K S values much lower than 1: HKL1 and HKL2 have overall S-Met. Protein bands correspond precisely as labeled in a. In this gel image, band intensities ranged from 75% (S177A) to 100% (C159E), as measured using ImageJ software. HXK1 + INS = HXK1 with a 10 amino acid insertion at the adenosine domain; HKL1 -INS = HKL1 with deleted ten amino acid indel at the adenosine domain; see text for further details ratios of 0.08 and 0.05, respectively; HXK1 and HXK2 have ratios of 0.09 and 0.06, respectively; HKL3 has a ratio of 0.12; and, HXK3 has a higher ratio of 0.44. These overall low values indicate that all members of the HXK gene family are active in these two sister Arabidopsis species and are being selectively constrained to their current amino acid sequences. To further extend this analysis, sliding windows of K A /K S were calculated using window sizes of 60 nucleotides and a step size of 20 nucleotides (Fig. 7) . The window size roughly correlates with the size of some structural elements of the proteins. Most regions of the presented genes are constrained to 0 across much of the gene and only short regions have increased K A /K S ratios. The primary exception is a large peak in K A /K S value that corresponds to exon 8 in both HKL1 and HXK3. This region is somewhat upstream of the noted large indel of HKL1, but in exon 8 there are no apparent functional protein motifs or key amino acids that have been described. K A /K S ratios of the HXK2 gene pair were similar in proWle to HXK1, while analysis of HKL3 showed a prominent peak in K A /K S in exon 1.
Discussion
In this study, we have reported expression characteristics of the six HXK family members of A. thaliana. Among the HXK proteins that have hexose phosphorylation activity, AtHXK3 has not been previously recognized. We have shown that AtHXK3 is a stromal-localized protein (Fig. 3) , likely expressed at low abundance primarily in roots, stems, and siliques (Fig. 2 ). As noted with other plastid HXKs 710, 730, 750, 1170, 1310, 1330, 1350, 1370, 1390, and 1410 bp) , HXK2 (at midpoint 630 bp), HXK3 (at midpoints 216, 236, 256,276, 336, 356, 376, 396, 736, 916, 936, 1196, and 1422 bp) , HKL1 (at midpoints 490, 1070, and 1090 bp), HKL2 (at midpoints 510 and 1230 bp), and HKL3 (at midpoint 757 bp) (Cho et al. 2006a; Kandel-KWr et al. 2006) , the presence of the transit peptide in AtHXK3 might have led to this protein not being identiWed in a previous complementation study of yeast cells deWcient in glucose phosphorylation activity, using Arabidopsis cDNAs (Jang et al. 1997) . The organ distribution of AtHXK3 is similar to that observed for tobacco plastid NtHXK2 from promoter-GUS studies (Giese et al. 2005 ). NtHXK2 expression was further shown to be localized in specialized tissues such as guard cells, root tips, xylem parenchyma and the vascular starch sheath. Accordingly, NtHXK2 was suggested to function primarily in starch degradation (Giese et al. 2005) . On the other hand, LeHXK4 expression in plastids is perhaps relatively more wide-spread among diVerent tomato tissues and its expression in fruits is not associated with starch degradation . As noted in both of these studies and elsewhere (Olsson et al. 2003) , plastid HXKs can have an important function also in metabolizing imported glucose for production of erythrose 4-phosphate to supply the shikimic acid pathway for synthesis of some 2° metabolites. Since AtHXK3 mRNA is expressed mostly in sink tissues ( Fig. 2) , we suggest that this protein might have a more pronounced role in phosphorylating glucose that is imported into the plastid for biosynthetic processes. Three of the six HXK family genes in A. thaliana encode proteins that do not phosphorylate glucose or fructose (Figs. 2, 5 ). Therefore we suggest that non-catalytic HXKs most likely do exist in plants and that particular HKL proteins might occur in most tissues. Their lack of catalytic activity would account for these also not being identiWed in the previous yeast complementation study by Jang et al. (1997) . All three encoded HKL proteins are about 50% identical to HXK1 and they do cross-react well with a polyclonal anti-HXK1 antibody (Karve and Moore, unpublished data). The observed presence of HXK1-related antigen in leaves of gin2-1 (Fig. 4) supports our suggestion that the HKL proteins might be expressed in leaves and elsewhere in Arabidopsis.
Several of the reported expression characteristics of HKL1 and HKL2 proteins indicate they might have a regulatory function in A. thaliana. First, transcripts for both genes were present at similar levels in all organs examined (Fig. 2) . Function in a broad tissue context could be important if these proteins somehow aVect HXK-dependent glucose signaling or possibly other wide-spread regulatory processes. Second, both HKL proteins are targeted to mitochondria, as predominantly is the case for AtHXK1 (Fig. 3) . We have previously shown that mitochondrial targeted HXK1 can bind to porin in the outer membrane and can mediate at least some aspects of glucose signaling (Balasubramanian et al. 2007) . In this regard, it will be important to establish whether these proteins might interact with AtHXK1. A third important Wnding is that AtHXK1 catalytic activity is readily compromised by any of a number of single amino acid changes (Fig. 6 , Moore et al. 2003) . Since there are possibly many such changes in the 1 o amino acid sequences of the HKL proteins (Fig. 4 , Supplemental Table 1 ), we surmise that the presence of catalytically defective HXKs is not simply the result of a chance mutation. Yet to be established is whether these proteins can bind glucose and with what aYnity. On the one hand, the G173A change in the sugar binding domain of AtHKL1 and AtHKL2 could impact their ability to bind glucose, since the corresponding change in AtHXK1 did substantially reduce catalytic activity (Fig. 6) . However, in the absence of a detailed structure analysis or ligand binding assays, one cannot rule out that glucose or even other sugars might bind with suYcient aYnity in the HKL proteins as to be biologically relevant. From their primary sequence analysis, we predict that both HKL1 and HKL2 proteins do have extensive conformational Xexibility as inferred by the presence of conserved key loop motifs and most of the important glycine residues at the ends of structural elements (see Supplementary Table 1) . That is, the primary recognized elements required for a glucose-dependent conformational change in protein structure are largely conserved and could be exploited by cell regulatory mechanisms. The described expression and sequence characteristics support the hypothesis that the HKL1 and HKL2 proteins might aVect glucose signaling or related processes.
The AtHKL3 protein has quite diVerent expression and sequence characteristics from the other two non-catalytic AtHXKs. Among plant organs that we examined, HKL3 mRNA expression was restricted only to Xowers (Fig. 2) . This Wnding largely supports the conclusion by Claeyssen and Rivoal (2007) from a survey of transcriptional proWling experiments, that AtHKL3 is expressed most abundantly in male reproductive parts of the Xower. Interestingly, among rice HXKs, OsHXK10 is expressed in pollen, but only there (Cho et al. 2006a) . Our analysis of the predicted amino acid sequence of AtHKL3 (Fig. 4, Supplemental Table 1 ) indicated that it would not likely bind glucose or ATP as substrates, in contrast to other HXK family proteins, and that it does not have the conserved mobile loops or elements required for structural Xexibility that are characteristic for this family of proteins. We suggest that this protein might have been recruited by evolutionary processes to have a much diVerent function than those of other family members. Notably, cluster analysis of amino acid sequences of rice and Arabidopsis HXKs, indicate that the AtHKL3 protein occurs as an isolated group established prior to the separation of monocots and dicots (Cho et al. 2006a) .
Non-catalytic HXKs have been identiWed in a variety of fungi including Saccharomyces cerevisiae and A. nidulans (Katz et al. 2000; Bernardo et al. 2007 ), in Drosophila melanogaster (Kulkarni et al. 2002) , and now in A. thaliana.
Previous phylogenetic analysis suggests that the non-catalytic HXKs evolved independently in diVerent lineages (Bernardo et al. 2007 ). Nonetheless, there are some intriguing comparisons in the primary sequences of these proteins. The fungal and Xy HKL proteins were noted as having a number of altered residues in the sugar binding domain, as well as many of the fungal proteins having an indel of about 20-25 amino acids at the adenosine domain (Bernardo et al. 2007) . Arabidopsis HKL1 and HKL2 proteins have much better conserved sugar binding domains (one or two substitutions) and have a similarly positioned indel of 6-10 amino acids in the adenosine domain. The predicted adenosine domain in the Arabidopsis catalytic HXKs extends eight amino acids towards the N-terminus relative to the adenosine domain in yeast HXK2 (Kuser et al. 2000) . The prominent indels in the AtHKL1 and AtHKL2 proteins occur within this extension and are located four amino acids to the N-terminal side of the corresponding indel in A. nidulans HXKC and HXKD proteins. Whether these indel sequences in AtHKL1 and AtHKL2 actually function in adenosine binding is uncertain. Alternatively, these indels might be important for possible regulatory functions of the non-catalytic HXKs. Among the rice HXK family, all nine expressed members are thought to have catalytic activity, based on their ability to complement the HXK-deWcient, triple mutant of yeast (Cho et al. 2006a ). However, OsHXK3 and OsHXK10 do form a distinct phylogenetic group with AtHKL1 and AtHKL2 proteins (Cho et al. 2006a ). Upon sequence inspection, both rice proteins also contain a similar indel of nine amino acids at the same aligned position near the beginning residue of the predicted adenosine domain (data not shown). The sugar binding domains of OsHXK3 and OsHXK10 do not have the homologous substitution of A for G as do AtHKL1 and AtHKL2 (LAFTF-SFP-Q), though these domains do have 1 or 2 changes elsewhere.
The diVerent expressed features within the HXK family of a given plant or fungal species reXect some remarkable apparent evolutionary trends. In both A. thaliana and S. cerevisiae, there occurs at least one moonlighting HXK which has separable functions as both a metabolic catalyst and a glucose sensor/transducer (Moreno and Herrero 2002; Moore et al. 2003) . Additionally, there occur proteins within the families that have apparent specialized metabolic roles or specialized regulatory roles. The metabolic only catalysts include yeast HXK1 and glucokinase1 (Santangelo 2006) , and we suggest might also include plant plastid HXKs. Among non-catalytic HKL proteins, there are two HKL proteins in S. cerevisiae (Bernardo et al. 2007 ), one of which, EMI2, is required for induction of a meiosis-speciWc transcription factor (Daniel 2005) . In A. nidulans, the non-catalytic proteins AnHXKC and AnHXKD both are thought not to have a role in glucose signaling, but genetic evidence indicates that instead both are negative regulators for a secreted extracellular protease during carbon starvation (Bernardo et al. 2007) . AnHXKC is associated with mitochondria, while AnHXKD is present in the nucleus. As noted above, it is yet to be demonstrated whether the Arabidopsis HKL proteins do have specialized regulatory functions. Notably, AnHXKD is transcriptionally induced by carbon starvation, yet neither AtHKL1 nor AtHKL2 are apparently induced by starvation conditions (see Supplementary Tables in Baena-González et al. 2007) .
While non-catalytic HXKs are present in the relatively distant lineages of fungi and at least Arabidopsis, we also interrogated the HXK nucleotide sequences of A. thaliana and A. lyrata to test for possible diVerent relative rates of evolution among the respective orthologs. HXK3 has a higher K A /K S value than do all the other loci examined. This indicates those amino acids sequences are less constrained overall for accumulating changes. Notably, the divergence in amino acid sequences between AtHXK3 and AlHXK3 orthologs also is greater than for the other catalytic HXKs (Table 2) . We suggest that the HXK3 gene is evolving at an increased rate relative to the other genes for the catalytic HXK proteins and for the HKL proteins. In contrast, among the orthologs for HXK1, HXK2, HKL1, and HKL2, the genes are evolving overall at similar rates. However, both HKL1 and HXK3 orthologs have a pronounced peak of K A /K S ratio within exon 8 (Fig. 7) . This indicates a possible adaptive selection process for these sequences. The signiWcance of this observation is not yet clear, but does warrant investigation.
For the global plant HXK gene family, it will be interesting to establish whether the noted indel that occurs in Arabidopsis HKL1 and HKL2 might be useful as a molecular marker for phylogeny studies. To that end, it is important to verify if OsHXK3 and OsHXK10 actually do have catalytic activity as suggested (Cho et al. 2006a) , since their sequences also contain a similar indel at the homologous position as occurs in the reported non-catalytic HKL proteins.
